Abstract. The tumor suppressor gene overgrown hematopoietic organs-31 (oho31) of Drosophila encodes a protein with extensive homology to the Importin protein of Xenopus (50% identity), the related yeast SRP1 protein, and the mammalian hSRP1 and RCH1 proteins. A strong reduction in the expression of oho31 by a P element inserted in the 5' untranslated region of the oho31 transcript or a complete inactivation of oho31 by imprecise P element excision leads to malignant development of the hematopoietic organs and the genital disc, as shown by their growth autonomy in transplantation assays. We have cloned the oho31 gene of Drosophila melanogaster and determined its nucleotide sequence. The gene encodes a phosphoprotein of 522 amino acids made of three domains: a central hydrophobic domain of eight repeats of 42-44 amino acids each, displaying similarity to the arm motif found in junctional and nucleopore complex proteins, and flanked by two hydrophilic NH2-and COOH-terminal domains. Immunostaining revealed that the 0H031 protein is supplied maternally and rapidly degraded during the first 13 nuclear divisions. Thereafter, the 0H031 protein is predominantly expressed, albeit at reduced levels, in proliferating tissues. During the interphase of early embryonic cell cycles, the 0H031 protein is present in the cytoplasm and massively accumulates in the nucleus at the onset of mitosis in late interphase and prophase. The nuclear import of 0H031 is, however, less pronounced during later developmental stages. These results suggest that, similar to Importin, 0H031 may act as a cytosolic factor in nuclear transport. Moreover, the cell cycle-dependent accumulation of 0H031 in the nucleus indicates that this protein may be required for critical nuclear reactions occurring at the onset of mitosis.
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T HE potential to genetically dissect tumorigenesis constitutes one of the major reasons to study this process in Drosophila. Genetic analysis of this organism has led to the identification of >50 genes in which homozygous mutations cause tumors in tissues such as the imaginal discs, the brain, the hematopoietic organs, or the germ line (Gateff and Schneiderman, 1969, 1974; Gateff, 1978; Gateff and Mechler, 1989; Mechler, 1990; Mechler and Strand, 1990; T6r6k et al., 1993b; Watson and Bryant, 1993; Mechler, 1994) . Anatomical and histological examination of the mutant larvae have shown that the pattern of growth abnormalities is locus specific, with tumor formation taking place recurrently in the same organs. With the exception of tumors in the germ line, which cause sterility but no other deleterious effect, tumors occurring in other organs give rise to massive tissue overgrowth during larval development and lead to the death of the animals as late larvae or pupae. In Drosophila, most of the mutations affecting genes controlling tissue overgrowth are selected by their recessive lethal effect. Since the normal allele is dominant over the mutant allele, these genes are designated as tumor suppressor genes.
Molecular investigations of several tumor suppressor genes in Drosophila have shown that tumorigenesis may result from the disruption of distinct regulatory pathways. Based on the presumed function of the encoded protein, which in many cases has been inferred by virtue of sequence similarities with proteins of known function, the Boedigheimer and Laughon, 1993) ; (c) cytoskeletal proteins, which may play a direct role in the cell architecture and may, in addition, mediate a signaling pathway in the cytoplasm (Mechler et al., 1985; Jacob et al., 1987; Strand et al., 1994a,b) ; (d) cytoplasmic proteins involved in vesicular trafficking and, thus, regulating intercellular transfer of signals (Chen et al., 1991; Van der Bliek and Meyerowitz, 1991) ; and (e) ribosomal proteins, which may act as regulators of translation (Watson et al., 1992; Stewart and Denell, 1993) .
In Drosophila, mutations in >25 genes can cause overgrowth of hematopoietic organs during larval development (Gateff and Mechler, 1989; Watson et al., 1991; Ttirrk et al., 1993b) . Hematopoietic organs are formed by five to seven pairs of glandular structures (the lymph glands) located along the dorsal heart vessel behind the brain hemispheres and produce hemocytes by a stem cell mechanism. In wild-type larvae, the hemocytes are released into the hemolymph at the end of the third larval instar (Rizki, 1978; Shrestha and Gateff, 1982) . In mutants, the growth and differentiation of these cells are disrupted, giving rise to overgrowth of the hematopoietic organs. This overgrowth can be accompanied bY a premature release of hemocytes into the hemolymph. In turn, the circulating hemocytes can proliferate in the hemocoele, either invading the entire body cavity and destroying all other organs or forming secondary masses, which may ultimately become melanized. One example of the latter category is the mutation lethal(2)144/1, which was recovered in a genetic screen designed for identifying genes located on the second chromosome of Drosophila melanogaster controlling cell proliferation and tumorigenesis (Trrrk et al., 1993b) . On the basis of its mutant phenotype, the gene was renamed overgrown hematopoietic organs-31 ( oho31) .
In this study, we have cloned and sequenced the oho31 gene of D. melanogaster. We found that the predicted protein sequence is remarkabiy similar to the sequence of four recently identified proteins forming a growing family of structurally related proteins, namely: (a) the Importin protein of Xenopus, which has been identified as a cytosolic factor involved in nuclear protein import (Grrlich et al., 1994) ; (b) the yeast SRP1 protein, a suppressor of temperature-sensitive RNA polymerase I mutations (Yano et al., 1992) , which was found to interact directly with two nuclear pore proteins NUP1 and NUP2 (Belander et al., 1994) ; (c) the mammalian SRP1 proteins (Cortes et al., 1994) ; and (d) the mammalian RCH1 proteins (Cuomo et al., 1994) . Both mammalian proteins were identified through their interaction with the RAG-1 recombination-activating protein in a yeast two-hybrid assay. These proteins as well as the 0H031 protein contain a central region made of eight degenerate 42-amino acid repeats. This reiterated motif, known as the arm motif, was first identified in the Drosophila segment polarity gene armadillo (Riggleman et al., 1989) and recently found in several proteins with diverse cellular functions (Peifer et al., 1994) . Analysis of the spatio-temporal expression of 0H031 during Drosophila development showed that the protein is essentially expressed in dividing tissues and displays a dynamic intracellular distribution. During the entire cell cycle, the 0H031 protein is predominantly present in the cytoplasm with the exception of prophase when it becomes associated with nuclei. This is the first example of a tumor suppressor gene involved in nuclear protein import.
Materials and Methods

Drosophila Strains, Culture Conditions, and Analysis of the Larval Lethal Phenotype
The y w; oho31144/1CyO P(y+) flies contain a CyO P [y+] balancer chromosome carrying a P(y+) insertion, which was kindly provided by Allen Shearn (The Johns Hopkins University, Baltimore, MD). The y+ marker is particularly useful for selecting homozygous oho3114¢1 larvae. The fly cultures were reared at 25°C on standard cornmeal-yeast-agar medium with or without addition of molasses-soya flour-malt extract. Since the lethal tumorous phenotype of the oho31 larvae was the same on both media, no distinction was made in the text in this respect, oho31 homozygous larvae survive for a long period of time as late third instar larvae and die without puparium formation (TiSrSk et al., 1993b) . As the overgrowth phenotype develops gradually during the prolonged survival period, y oho31-mutant larvae were selected and kept on fresh medium in a humidified atmosphere. The overgrowth phenotype of the different organs was examined by dissecting the aged larvae, usually 15-20 d after egg laying, in Ringer's (Becker, 1959 ) under a stereomicroscope. For the examination of cell nuclei, dissected tissues were fixed in 0.5% glutaraldehyde for 30 min, and then stained for 15-20 min with 2.5 ixg/ml HOECHST 33258 (Sigma Chemical Co., St. Louis, MO) dissolved in Ringer's. The stained tissues were examined under a Leitz fluorescence microscope (Leica Vertrieb GmbH, Bensheim, Germany).
Isolation of Deletions by Imprecise Excision of the P Element
The PlacW insert at position 31A was remobilized by crossing y w/Y; oho31144/S/CyO Ply+] males to y w; A2-3 Sb/TM6 Ubx females. In the F0 generation, y iv/Y; oho31/÷; A2-3 Sb/+ "jumpstarter" males were collected and crossed with y w; Sco/CyO P[y+] 
Transplantation of Tumorous Tissues
Tumorous larvae were surface sterilized with 70% ethanol for 10 min and dissected in sterile Ringer's. The tumorous tissues were cut into ~10-20-~m fragments and injected into the abdominal cavity of young egg-laying females by using glass needles ~20 p,m in diameter. The host flies were kept on fresh medium, which was changed every 3-4 d when the flies were examined. Hosts carrying a successfully growing implant were recognized by their bloated abdomen. The flies were dissected and the implants examined under a compound microscope.
Nucleic Acid Procedures
Unless otherwise indicated, DNA isolation, cloning, and analysis were performed according to standard protocols (Sambrook et al., 1989) . Genomic DNA fragments from both sides of the P element insertion were recovered by plasmid rescue. DNA from heterozygous oho31 z44/z CyO flies was digested with EcoRI or BamHI, ligated, and transformed into XL-1 blue-competent cells. The rescued clones were analyzed by restriction digestion and Southern hybridization with pUC18 and P element inverted repeat specific probe. Genomic fragments without a P element sequence were then used to screen a genomic library in EMBLA-k phages. Two probes, as defined in Fig. 2 c (probes A and B) , were used to screen two cDNA libraries made with polyA+RNa extracted from 0-9-h-old embryos in kZapII (Stratagene Corp., La Jolla, CA), made by I. TrrSk, or 0-16-hold embryos in hgtll, kindly provided by L. Kauvar (Poole et al., 1985) . The inserts of the k gtll phages were subcloned into Bluescript SK + vector, and the inserts from hZAPII phages were recovered by in vivo excision. cDNA inserts and genomic clones were sequenced by using the ExoIII deletion procedure (Henikoff, 1984) . Sequencing was carded out with doubleor single-stranded DNA templates and conventional T3, T7, and universal primers. The insertion site of the P element in the genomic sequence was determined by sequencing the rescued plasmids with an oligonucleotide (18-mer) primer located inside the inverted repeat of the P element at 10 nucleotides from its extremity. PolyA+RNA was isolated, electrophoresed, and transferred to nitrocellulose filters (Schleicher & Schuell GmbH, Dassel, Germany), or Hybond-N filters (Amersham, Buckinghamshire, UK), as described in TSr/Sk et al. (1993a) . Probes were either generated by random priming or made of specific antisense singlestranded DNA synthesized by asymmetric PCR using T3 or T7 primers and [32p]ct-dCTP, according to the procedure of Patel and Goodman (1992) .
Whole-Mount in situ Hybridization
Developmentally staged embryos were prepared and fixed as described in Tautz and Pfeifle (1989) . Brain and discs from wild-type Oregon R or oho31144/1 homozygous mutant third instar larvae were dissected in PBS and fixed in 4% formaldehyde in PBS at room temperature for 20 rain. Hybridization and staining procedures were made according to Tautz and Pfeifle (1989) . Digoxygenin-labeled RNA probes were synthesized in vitro by using subclones from the 3' or 5' noncoding ends of the cDNAs in Bluescript SK + vector and T3 or T7 RNA polymerases. Before hybridization, the RNA probe was reduced in size by mild alkaline hydrolysis. Digoxygenin-labeled single-stranded DNA probes were made by asymmetric PCR synthesis according to Patel and Goodman (1992) .
In Vitro Translation
In vitro translation was performed by using the TNT transcription-translation-coupled reticulocyte lysate system (Promega Biotec, Madison, WI) and the cDNAs subcloned in pBluescript SK ÷ vector (Stratagene Corp.).
Preparation of OH031 Antibodies
Antibodies directed against the 011031 protein were prepared using two distinct hybrid proteins as immunogens. The first fusion protein contains 301 residues from the central domain (amino acid positions 123-423) of 0H031 fused to a his-tag peptide in a pET-15b expression vector (Novagen, Madison, WI). The second fusion protein contains the COOHterminal 244 residues (amino acid positions 279-522) of 011031 fused to glutathion S-transferase in a pGEX-2T expression vector (Pharmacia Inc., Piscataway, N J). The hybrid protein expressed from plasmid pET-15b was induced with I mM isopropyl-13-D-thiogalactoside (IPTG) in BL-21 (DE3) Escherichia coli bacteria and purified to near homogeneity on a His.Bind resin column (Novagen). The hybrid protein expressed from plasmid pGEX-2T was similarly induced with IPTG and purified on a glutathionSepharose 4B column as indicated in the instructions provided by the manufacturer (Pharmacia Inc.). The purified hybrid proteins were used to immunize rabbits. Polyclonal antibodies were purified by a two-step affinity chromatography procedure, using first a protein A-agarose colum (Boehringer Mannheim GmbH, Mannheim, Germany) and then either a OH031 his'tag or a OH031 gtutathi°n tranfe~e Sepharose 4B column. Finally, the affinity-purified anti-OH031 antibodies were preadsorbed on proteins extracted from homozygous oho31TM lethal larvae deficient for the major part of the oho31 coding sequence.
Immunohistochemistry
Embryos were dechorionated in 3% bleach (Roth GmbH, Karlsruhe, Germany) and washed extensively in 0.1% Triton X-100 and deionized H20. Fixation was performed by shaking the embryos in 4% formaldehyde in PEM buffer (100 mM Pipes [pH 6.9], 2 mM EGTA, 1 mM MgSO4) with an equal volume of heptane. The embryos were deviteilinized by vigorous shaking in 1:1 heptane/methanol and rehydrated in PBS containing 0.1% Triton X-100 (PBT) 1. Brain-disc complexes were dissected in PBS, fixed in 4% formaldehyde in PBS for 20 min at room temperature, and extensively washed in PBT. The brain-disc complexes were then blocked overnight in PBT containing 5 % normal goat serum and 1% BSA. Anti-OH031 antibodies were diluted 1:50 in the blocking solution and incubated with the embryos or the dissected tissues overnight at 4°C in a humidified chamber. After three washes in PBT, the embryos and the 1. Abbreviations used in this paper: AED, after egg deposition; CIAP, calf intestine alkaline phosphatase; ORF, open reading frame; PAP, potato acid phosphatase; PBT, PBS plus Triton X-100; PVDF, polyvinylidenfluoride.
tissues were incubated for 2 h at room temperature with biotinylated goat anti-rabbit antibodies. HRP staining was performed with the Vectastain Elite ABC Kit (Vector Laboratories, Inc., Burlingame, CA) according to the manufacturer's instructions. After three washes with PBS, the embryos and tissues were transferred on slides and mounted in Kaiser's glycerin gelatin (Merck GmbH, Darmstadt, Germany) . For double fluorescence labeling experiments, the embryos were first incubated with anti-0H031 antibodies, as described above. Goat anti-rabbit antibodies conjugated with FITC (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) were first preadsorbed on fixed embryos in a 1:5 dilution in PBT at 4°C, and then applied to the anti-OHO31-1abeled embryos as a mixture at a 1:400 dilution. DNA was stained after RNaseA treatment (400 i~g/ml for 2 h in PBS) with 5 p,g/ml propidium iodide for 30 min at room temperature and washed overnight at 4°C in PBS. The embryos were mounted in Vectashield embedding medium (Vector Laboratories, Inc.) and inspected under a Leitz fluorescence microscope, (Leica Vertrieb GmbH) or a coufocal laser scanning Zeiss microscope (Carl Zeiss Jena GmbH, Jena, Germany).
Western Blot Analysis, Immunoprecipitation, and Phosphatase Treatment
Protein extracts from different stages of Drosophila development were prepared by homogenizing I g tissue in 4 ml cracking buffer (0.125 M Tris [pH 6.8], 5% 13-mercaptoethanol, 2% SDS, 4 M urea) using a motordriven homogenizer at 4°C. Aliquots containing equal amount of proteins were diluted 1:1 in 2x Laemmli sample buffer and boiled for 5 min. The proteins were separated on 7 or 10% SDS-polyacrylamide gels. After electrophoresis, proteins were electrotransferred to Immobilon-P polyvinylidenfluoride (PVDF) membranes (Millipore Corp., Bedford, MA) using a Multiphore semidry transfer apparatus (LKB Instruments, Inc., Bromma, Sweden). Secondary antibodies for Western blotting were coupled to alkaline phosphatase as provided in the Tropix system (Serva Feinbiochemica GmbH, Heidelberg, Germany) and used as recommended by the manufacturer. For immunoprecipitation analysis, the embryos were homogenized at 4°C in RIPA buffer (50 mM Tris, pH 8.5, 300 mM NaC1, 1% NP-40, 0.5 % sodium deoxycholate, 0.1% SDS, and 2.5 mM EDTA) containing the following proteinase inhibitors: 1 Ixg/ml leupeptin, 1.4 I~g/ml pepstatin, 0.1 mg/ml Tosyl-L-phenylaianin-chloromethylketon, 10 ixg/ml soybean trypsin inhibitor, 5 Ixg/ml aprotinine, and 0.1 mg/ml PMSF. After clearing of the extracts at 13,000 g for 15 min at 4°C, the supernatants were incubated with 15 v,g affinity-purified anti-OH031 polyclonal antibodies and 50 I~1 protein A-Sepharose (Boehringer Mannheim GmbH) for 2-4 h on rotating wheel at 4°C. The Sepharose beads were washed three times in RIPA buffer and either boiled in 2× Laemmli loading buffer or used for phosphatase treatment. Phosphatase treatment was performed as described by Suter and Steward (1991) . The immunoprecipitates were further washed in RIPA/PAP (potato acid phosphatase) buffer (1:1) and then resuspended in PAP buffer (1 mM Pipes, pH 6.0, 150 mM NaCl). The immunoprecipitates were then incubated with either 0.5-1 U PAP in the same buffer or 5 U calf intestine alkaline phosphatase (CIAP) in 50 mM "Iris (pH 8.5) and 300 mM NaC1 for 20 min at 37°C. The reactions were stopped by adding an equivalent volume of 2× Laemmli loading buffer, boiled, and loaded onto 7 or 10% SDS-polyacrylamide gels. After gel electrophoresis, the proteins were transferred to Immobilon-P PVDF membranes and probed with anti-OH031 antibodies using the Tropix chemiluminescence system.
Results
Genetic Localization and Phenotype
The mutation 144/1 resulted from the insertion of a single P-lacW(Pw+-LacZ) transposon (Bier et al., 1989) integrated within the chromosomal region 31A on the second chromosome (TSr~k et al., 1993b) . Homozygous mutant larvae showed a typical class II air lethal phenotype (Watson et al., 1991) with abnormal development of the hematopoietic organs (lymph glands), the occurrence of numerous masses of hemocytes dispersed all over the body cavity, and the formation of melanotic tumors (Fig. 1 A) . Confirmation that the P element insertion was the cause of the mutant phenotype was obtained by reversion of the mutation to wild type after remobilization of the P-lacW transposon (T6r6k et al., 1993b) . On the basis of the overgrowth of the hematopoietic organs and the localization of the P element insert, we named the gene overgrown hematopoietic organs-31 (oho31).
In wild-type third instar larvae, the hematopoietic organs consist typically of four to seven small paired lobes arranged along the dorsal aorta and made of tightly associated cells (Fig. 1 B) . In oho31 third instar larvae, the lymph glands at first look apparently normal, while in older surviving larvae, they increase considerably in size forming loose masses of aggregated hemocytes associated with the aorta (Fig. 1, C and D) or almost completely disappearing with the formation of secondary nodules of hemocytes dispersed in the entire body cavity. As shown in Fig. 1 C, the cells in the lymph glands of young third instar mutant larvae appear to be loosely attached and tend to dissociate from each other upon manipulation, whereas in normal lymph glands ( Fig. 1 B) , the cells are more tightly bound to each other and form compact organs. In surviving mutant larvae, that is, older than 4 d, small nodules of aggregated hemocytes can be found in the body cavity, and their number and size increase with time. These amorphic masses are made of loosely attached hemocytes, which, upon dissection and manipulation, tend to dissociate into single elongated cells (Fig. 1 E) . In aging larvae, some of these nodules increase in size, becoming more compact and punctated with small loci of melanization (Fig. i D) , which eventually spread over the entire hemocytic mass (Fig. 1 F) . Although the location of these melanotic tumors varies, we found them frequently around the digestive tube in the vicinity of the midguthindgut boundary and/or associated with the Malpighian tubules ( Fig. 1 F) .
In addition to abnormalities in the lymph glands, some other organs show overgrowth. The most frequently affected organs are the gonads, particularly the testes, which may increase two to two and half times in diameter ( Fig. 1  G) . By comparison to wild type, the mutant testes are devoid of spermatogonial cysts but filled up with small uniform single cells (Fig. 1 H) . In very old mutant larvae, the size of the imaginal rings of the salivary glands is also consistently larger than normal (Fig. 1, I and L). Despite the large increase in cell number, the epithelial structure of this tissue is maintained.
In oho-31 third instar larvae, most of the imaginal discs (wing, leg, haltere, eye/antenna) remain smaller than normal, with a fully distorted shape and abnormal folding pattern ( Fig. i K) , although these discs may occasionally become overgrown in very old larvae. By contrast, the genital disc is consistently much larger than normal ( Fig. 1 J) . The brain organization displays abnormalities, which are more pronounced in old mutant larvae. The hemispheres are smaller than normal, with an elongated shape, and the ventral ganglion is often longer than normal, (data not shown). No other gross abnormalities can be observed in the remaining organs. The polytenic larval tissues, including the ring gland, exhibit an apparently normal morphology, albeit with a somewhat reduced size. In conclusion, the oho31 mutation exerts a pleiotropic effect on several presumptive adult tissues during the larval development, with the most dramatic effect being on the hematopoietic organs, the genital disc, the gonads, and the imaginal rings of the salivary glands.
A series of 20 nonviable w-revertants were generated by imprecise excision of the P element after remobilization. Their molecular analysis showed that two of them had small deficiencies removing the presumptive oho31 transcription unit (vide infra). Animals homozygous for the deficiencies, or transheterozygous animals combining the original 144/1 mutation with one of the deficiencies, display in all respects a phenotype similar to that of the 144/1 homozygotes. These results indicate that the original 144/1 mutation can be genetically considered as a null allele of the oho31 gene, and the phenotype described above results from a complete or nearly complete absence of oho31 function.
Transplantation of Mutant Tissues
Fragments of overgrown tissues from oho31144/1 larvae were transplanted into the abdomen of wild-type female hosts to test for autonomous growth. Two types of tissues were tested: the hemocytic tumors present in the body cavity of oho31 larvae and the overgrown genital discs. Transplanted fragments of these tissues gave rise to tumorous outgrowth in 4% (3/71) of the hemocytic tumors and in 13% (5/34) of the genital discs. Among the three successful hemocytic transplants, two produced nonmelanized hemocytic masses similar to the starting larval tumorous material, whereas the third transplant gave rise to a large tumor, which subsequently became fully melanized. The five genital disc fragments, which were able to grow in the host, formed amorphic masses of folded epithelium. Hosts carrying a successfully growing implant were recognized by the bloating of their abdomen. After dissection, we observed that the abdominal cavity was essentially filled by the growing implants, and the host ovaries were considerably atrophied. Implanted fragments of other tissues, such as the imaginal rings of the salivary glands or the imaginal wing discs, did not give rise to any visible growth in the host abdomen. These results show that not all the implanted fragments were able to grow, and indicate that only certain cells or regions of the dissected tumors have retained a potential for autonomous growth.
Isolation of Genomic and cDNA Clones
DNA flanking both sides of the P-lacW element located at position 31A were cloned by plasmid rescue. The recovered genomic DNA fragments were used to obtain k phage clones from a wild-type genomic library. These clones were found to cover a chromosomal segment of ~35 kb around the P insertion site (Fig. 2) . A transcript map for a region flanking ,-~10 kb on each side of the P element insertion site was generated by using subfragments of the h phage clones. Probes A and B located on one side of the P element hybridized to a 2.8-kb polyA+RNA present in early embryos, pupae, and adult flies as shown in Fig. 3 , whereas probe C located on the other side of the insert recognized several polyA+RNAs ~2, 4, and 7 kb in size and present in late embryos, larvae, and pupae (data not shown).
The assumption that oho31 encodes the 2.8-kb RNA is based on three lines of evidence. First, Southern blot analysis revealed that 2 of the 16 lethal w-revertants obtained by P element remobilization resulted in the complete elimination of the P element with intragenic deletions removing DNA segments of 1.0 and 1.7 kb in the case of D3 and D14, respectively. As shown in Fig. 2 , one breakpoint of these two deletions lies at the site of P element insertion and the other within the 2.8-kb transcript. Third, the spatial and temporal expression of the 2.8-kb transcript in late third instar larvae was similar to the [3-galactosidase expression originating from the inserted P element (data not shown).
Sequence Analysis and P Element Insertion Site
The nearly full-length sequence of the oho31 mRNA was obtained from the cDNA K2. In addition, we have isolated and sequenced a total of five cDNAs whose sequences perfectly overlap with portions of K2. The nucleotide and deduced amino acid sequences of this eDNA (2,544 nucleotides in length) and the alignment of its nucleotide sequence on the genomic sequence are shown in Fig. 3 . To determine the exact site of the insertion of the P element, we sequenced the genomic DNA flanking the P element flanking in clones isolated from the oho31144/1 allele using a DNA primer derived from the sequence of the P-lacW inverted terminal repeat. On the wild-type genomic sequence, the P-lacW element is inserted 5 bp downstream from the 5' end of the oho31 cDNA K2 (Fig. 3) .
Comparison of the eDNA and genomic sequences revealed five exons separated by four introns of 415, 61, 63, and 64 nucleotides, respectively. The sequence contains an open reading frame (ORF) of 522 codons initiated by an ATG. This ORF encodes a protein with a predicted molecular mass of 58 kD. The first ATG in the long ORF is directly preceded by a polypurine track varying in length between 15 A in Oregon R genomic DNA and 23 A in cDNA K2. This polypurine track ends a 332-nucleotide AT-rich leader sequence without any ATG-initiated ORF. Although such a long A track preceding an ORF is quite unusual, it conforms to the Drosophila translation start consensus sequence ANN (C/A) A (A/C) (A/C) ATGN (Cavener, 1987) . The long ORF is followed by an 630-nucleotide AT-rich 3' untranslated sequence containing a canonical poly(A) addition site A A T A A A located 23 nucleotides from the start of the poly(A) tract. This sequence is itself inserted into a motif resembling the nanos responsive element GTTGT(Xn)AT-TGTA, which mediates the repression of translation of hunchback and bicoid RNA in response to the nanos gene product (Wharton and Struhl, 1991) or regulates cyclin B expression (Dalby and Glover, 1992) .
oho31 Gene Is Intensively Expressed during Early Embryogenesis and More Moderately during the Larval to Pupal Transition Phase
To determine the expression and abundance of the oho31 transcript during development, we performed Northern blot analysis of polyA+RNA extracted from different developmental stages. As shown in Fig. 4 , a single 2.8-kb polyA+RNA species could be detected. The oho31 message is abundant in preblastoderm embryos (0-2-h old embryos), and its concentration progressively decreases during blastoderm formation and gastrulation (0-3 and 3-6 h, respectively). During germ band extension (6-9 h), the oho31 message is again expressed before disappearing almost completely in late embryonic stages, oho31 expression resumes in late third instar larvae and becomes intense in early pupae. The oho31 message is also present in adults; it is more abundant in females than in males, indicating that this message may be intensively produced in ovaries.
To investigate the spatio-temporal pattern of oho31 RNA expression in Drosphila during embryonic development, we performed in situ hybridization of whole-mount embryos using digoxigenin-labeled single-stranded antisense RNA and DNA probes prepared from the cDNA K2. As shown in Fig. 5 , oho31 expression shows dramatic changes during embryonic development. At the earliest stage (0-2 h), when the embryos are undergoing rapid nuclear divisions in a syncytium, maternally derived oho31 mRNA is present at a high concentration and is homogeneously distributed in the embryos (Fig. 5 A) . Between cycles 10 and 13, the level of the oho31 message decreases considerably in the cortical cytoplasm but remains relatively high in the pole cells (Fig. 5, B-D) . Interestingly, this decrease is not homogenous but gives rise to a pattern of seven weak stripes along the anterior-posterior axis of the embryo (Fig. 5 D) . At the beginning of gastrulation (Fig. 5 E) , these stripes become more intense with the first stripe located anterior to the cephalic furrow. During germ band extension (Fig. 5 F) , the oho31 transcripts are essentially limited to the neuroblasts and the ventral ectoderm, where they are distributed in diffuse stripes. Beyond this stage (Fig. 5, G and H) , oho31 expression becomes limited to cells of the ventral nerve cord and to the proliferative centers of the brain lobes, where it shows a decreasing expression until late into embryonic development.
In situ hybridization of whole-mount tissues prepared from late third instar larvae reveals a high level of oho31 RNA expression in all imaginal discs (Fig. 6 A) and a more moderate expression in the ring gland and the hematopoi- Figure 4 . Abundance of oho31 transcripts during development. This panel shows a developmental Northern blot probed with antisense single-stranded K2 cDNA. Sequential hybridization with antisense single-stranded pr.A and pr.B DNA probes (see Fig. 2 ) gave the same hybridization pattern. PolyA+RNA was quantified by hybridization with a B-tubulin probe so that equal amounts of polyA+RNA were present in each fraction. Embryonic stages (0-2, 0-3, 3-6, 6-9, 9-12, 11-14, 14-17, 17-20, 18-21 , and 21-24 h) are designated by E, larval stages (1st, 2nd and 3rd) are designated by L, pupal stage by P and adult females and males by Ad(S and Ad~, respectively. etic organs associated with the aorta (Fig. 6 B) . A low level of oho31 expression can be detected in the brain hemispheres and the ventral ganglion. Examination of homozygous oho3P 41I late third instar larvae reveals a similar pattern of 13-galactosidase expression in imaginal discs, ring gland, and hematopoietic organs and a low expression in the brain (data not shown), indicating that the oho31 promoter drives the expression of the lacZ gene present in the p-lacW element inserted in 31A.
oho31 Encodes a Protein with Extensive Homology to the Importin Protein of Xenopus, the Related Yeast SRP1 Protein, and the Mammalian SRP1 and RCH1 Proteins
The OH031 protein shares extensive similarity with a family of proteins identified in yeast as well as in vertebrates characterized by a central domain of eight degenerate 42-amino acid tandem repeats with no interruptions. As shown in Table I , 0H031 is most similar to the Xenopus Importin (GOrlich et al., 1994) and the mammalian RCH1 proteins (Cuomo et al., 1994) , and also displays similarity with the yeast SRP1 protein (Yano et al., 1992 (Yano et al., , 1994 ) and the mammalian SRP1 proteins (Cortes et al., 1994) . As shown in Fig. 7 , the sequence similarity is most pronounced in the region of the eight tandem repeats. The total length of the repeats accounts for approximately two thirds of the size of these molecules. In 0H031, the first, third, and last repeats (43, 43, and 44 amino acids, respectively) differ from the consensus length of 42 amino acids. The repeating motif is characterized by the presence of strongly preferred amino acids at many positions, as indi- repeats are also aligned, and a consensus sequence for the internal repeat structure based on the repeats from the five proteins is depicted. A cluster of conserved basic residues forming a potential bipartite nuclear targeting sequence is boxed in the NH2-terminal region of these proteins.
highly hydrophilic, with several clusters of acidic and basic amino acids. In particular, there are 6 acidic and 14 basic amino acids in the first 50 residues covering the NH2-terminal region, whereas the COOH-terminal region between residues 437 and 522 contains 18 acidic and 6 basic amino acid residues. No obvious secretory signal sequence is present, suggesting that the 0 H 0 3 1 protein may act intracellularly.
Characterization of Anti-OH031 Antibodies
To analyze the expression of the OH031 protein, we raised antibodies against a bacterially produced 0 H 0 3 1 fusion protein. We purified anti-OH031 antibodies by affinity chromatography and preadsorption to protein extracts of homozygous lethal oho31 m4 larvae in which the coding sequence of oho31 is partially deleted. The specificity of the recovered anti-OH031 antibodies was analyzed by immunoblotting experiments. As shown in Fig. 8 A, the anti-OH031 antibodies reacted exclusively with a single 58-kD protein in a protein extract of brain and imaginal discs of wild-type late third instar larvae. A protein of similar size was only weakly detected in an extract of homozygous oho311441 mutant larvae, and no protein was found in an extract of homozygous oho31 °14 larvae. Without preadsorption, the anti-OH031 antibodies gave rise to a similar staining pattern, albeit detecting additional faint bands in all three protein extracts (data not shown). These results demonstrate that the anti-OH031 antibodies are specific for the 0 H 0 3 1 protein; no cross-reaction with other proteins is evident. They also confirm that the insertion of the P element reduces considerably the expression of 0 H 0 3 1 in the oho31144~ mutant.
Developmental Pattern of Expression and Phosphorylation of the OH031 Protein
In vitro translation of the cDNA K2 in a coupled transcription-translation reticulocyte lysate system using T3 RNA polymerase produced a single [35S]methioninelabeled polypeptide with an apparent molecular mass of ~58 kD corresponding to the calculated molecular weight of the OH031 protein (Fig. 8 B) . By contrast, immunoblot analysis revealed that the OH031 protein observed during different stages of Drosophila development can be resolved into at least two species by SDS-PAGE: a faster and a slower migrating species (Fig. 8 B, lanes IP and b. IP, and C, b). The faster migrating species displayed a similar size as the in vitro translated OH031 protein. Although the level of faster migrating protein varied dramatically during development, it was seen during all developmental stages. High levels of this protein were detected in early embryos and ovaries; moderate levels were found in all the other developmental stages with the exception of larval development, where the OH031 protein was only present at a very low level and would have remained virtually unnoticed if we were not examining brain and imaginal disc preparations as shown in Fig. 8 A. By contrast, the slower migrating species was only detected in ovaries and preblastoderm embryos, where it reached a similar level of expression as the faster migrating species. Since slower migration of proteins in SDS-PAGE is often observed with the phosphorylated forms of polypep- Figure 8 . OH031 protein expression in various genotypes and throughout development in wild-type animals, and phosphatase treatment. (A) 0H031 protein expression in larval tissues of different genotypes. Proteins extracted of brain and imaginal discs from wild-type (lane 1), homozygous oho31144/1 (lane 2), and homozygous oho31 D14 (lane 3) third instar larvae were resolved on a 7% polyacrylamide gel and transferred to a PVDF membrane. The protein blot was probed with affinity-purified anti-OH031 antibodies. The amount of proteins in the different lanes was first equalized by comparing aliquots in a Coomassie blue-stained gel. (B) Phosphatase treatments of 0H031 protein. Immunoprecipitation of 0H031 proteins extracted from wild-type embryos (0-3 h AED) was performed using anti-OH031 antibodies and protein A--Sepharose. One third of the immunoprecipitated sample was treated with PAP (IP+PAP), another third was treated with CIAP (IP+CIAP), and the last third was treated identically to the PAP-treated sample except that the enzyme was omitted (IP). The immunoprecipitated proteins were resolved on a 7% polyacrylamide gel. On the same gel (b.IP), total embryonic proteins were also separated, as well as (in vitro tr.) [35S]methioninelabeled 0H031 protein translated in an in vitro transcriptiontranslation coupled reticulocyte system with oho31 K2 cDNA as template. After gel electrophoresis, the proteins were transferred to a PVDF membrane. The protein blot was sequentially exposed to an autoradiogram, first for detecting the in vitro translated 0H031 protein, and then probed with affinity-purified anti-0H031 antibodies for detecting the 0H031 proteins. Positions of Ig heavy chain and underphosphorylated and hyperphosphorylated forms of 0H031 are indicated by IgH, oho-31, and oho-31P, respectively. (C) Developmental profile of 0H031 protein expression. Immunodetection of 0H031 proteins in extracts from embryonic (E of 0-3, 3-6, 6-9, 9-12, and 12-24 h AED), larval (L) and pupal (P) stages, adult males (Am), adult females (Af), and ovaries of 3-d-old females (Or). Proteins were separated on a 7% polyacylamide gel and transferred to a PVDF membrane, which was probed with affinity-purified anti-OH031 antibodies using the Tropix chemoluminescence system, b shows a longer exposure of the immunoblot displayed in a.
tides, we tested whether the changes in mobility were due to the presence of phosphate on 0H031 protein. Immunoprecipitated 0H031 proteins extracted from early embryos were treated with acidic and alkaline phosphatases. As shown in Fig. 8 A, treatment with PAP caused all of the 0H031 protein to comigrate as a single species with a relative molecular mass equivalent to that of the faster migrating form, whereas treatment with CIAP converted only a portion of the slower migrating form into the faster migrating form. Addition of orthophosphate to the 0H031 immunocomplexes inhibited the phosphatase-mediated shift in molecular mass (data not shown). These data indicated that the polypeptides with a slower migration rate were phosphorylated forms of the 0H031 protein.
Similar to the results of the developmental Northern blot analysis, the immunoblotting data showed that the expression of 0H031 proteins was at its highest during early embryogenesis. The high level of OH031 proteins found in early embryos should represent the accumulation of maternally synthesized proteins as judged by the high level of 011031 protein found in ovaries as well as embryonic proteins synthesized from maternally produced transcripts (Fig. 5) . Furthermore, the rapid reduction in the levels of 0H031 protein during early embryogenesis suggests that 0H031 decay is correlated with mitotic activity in the embryo.
During Early Embryogenesis the OH031 Protein is Accumulating in the Nucleus in a Cell Cycle-dependent Fashion
To monitor the temporal changes in 0H031 distribution during embryogenesis, we performed immunochemical staining using a color reaction that allowed us to visualize the relative amount of 0H031 in different regions of the embryos or in different subcellular compartments. As expected from the high level of 0H031 proteins seen on immunoblots, an intense immunostaining signal was detected in preblastoderm embryos (Fig. 9) . In the majority of the examined embryos, the distribution of 0H031 appears uniform, and its level remains constant during the early syncytial cell cycles (mitoses 1-8). When the nuclei migrate to the periphery, the 0H031 protein is predominantly located in the periplasm (Fig. 9 C) , and its level declines progressively during the subsequent nuclear cycles (mitoses 9-13), so that by early gastrulation, the 0H031 protein is present but only at a low level.
However, in a minority of embryos, ~5%, we noticed a spotted pattern of anti-OH031 staining that we attributed to a transient accumulation of the 0H031 protein in the nuclei. This accumulation could be seen in preblastoderm embryos with the energids more stained than the ooplasm, as shown for mitoses 3, 8, and 9 in Fig. 9 , B-D, respectively. The nuclear staining then became more visible during the syncytial blastoderm stages when the nuclei are aligned under the cortical surface and are thus more accessible to optical examination (Fig. 9, D-/) . Additional changes in 0H031 distribution can also be noticed during the syncytial blastoderm. The staining appears graded from posterior to anterior, with almost no staining at the anterior end and the strongest staining at the posterior end of the embryo, where it forms a cap underlying the pole cells. However, the pole cells are themselves devoid of OH031 proteins despite the relatively high abundance oho31 mRNA present in these cells, as shown in Fig. 5 . In these cells, inhibition of the translation of oho31 mRNA may result from the presence of a nanos-responsive element at the 3' end of the mRNA (Wharton and Struhl, 1991; Dalby and Glover, 1992) . During gastrulation and germ band extension, the 0H031 protein was essentially present in the ventral ectodermal neurogenic region, as shown in Fig. 9 J, and in the ventral chord (data not shown) and was diffusely distributed in the cytoplasm of these tissues.
OH031 Protein Accumulates in the Nucleus at the Onset of Mitosis
To study the mitotic behavior of the 0H031 protein during the cell cycle, we further stained whole-mount preparations of early wild-type embryos with propidium iodide to visualize DNA and FITC-conjugated antibodies to visualize the OH031 protein and examined the embryos with a confocal laser scanning microscope.
As shown in Fig. 10 , the intensity of the nuclear staining for the OH031 protein varied during the cell cycle, with maximal staining occurring at the onset of mitosis during prophase. Then the nuclear staining regressed dramatically with the progression of mitosis. In anaphase, the level of nuclear staining was comparable to that of the cytoplasm. At the end of mitosis, the level of nuclear staining increased moderately and then remained constant during interphase up to the onset of the next mitosis.
Although the level of nuclear staining for 0H031 increased with chromatid condensation, 011031 remained apparently free from a direct association with the chromosomes, as indicated by the pattern of nuclear staining for 0H031, which is complementary to the pattern of DNA staining. In addition, the OH031 protein was not concentrated at the nuclear periphery, as can be seen for nuclear envelope proteins, such as lamins (Fuchs et al., 1983; Smith and Fisher, 1984; Frasch et al., 1988 ; data not shown).
The strong regression of nuclear staining for OH031 during anaphase and telophase, resulting in a faint shadow over the condensed chromosomes and the equatorial plate, suggests that the 0H031 protein is either degraded in the nucleus during metaphase, redistributed in the cytoplasm as the nuclear membrane is ruptured, or inaccessible to the antibodies. However, the rate of disappearance of anti-OH031 staining during the 13 nuclear divisions taking place during early embryogenesis appeared to increase with the cumulative number of mitoses, indicating that the degradation of 011031 may be an active nuclear process.
Discussion
We have identified a component involved in the regulation of cell proliferation by cloning the oho31 gene, whose inactivation in Drosophila leads to the malignant transformation of the hematopoietic organs and the genital disc. Our analysis of the distribution of the OH031 protein in wild-type embryos revealed that the intracellular localization of this protein changes dramatically during the cell cy-cle. During the first 13 mitotic cycles that occur synchronously in a shared cytoplasm, we found that the OH031 protein is basically localized in the cytoplasm but accumulates transiently in the nucleus at the beginning of mitosis, a key transition point of the cell cycle. The relocalization of OH031 in the nucleus indicates that this protein may play a direct role in the regulation of cell division, although the exact nature of this mechanism remains to be determined. Taking into account the recent finding that the Importin protein of Xenopus acts as a carrier for the import of karyophific proteins into the nucleus (G/Srlich et al., 1994) , we propose that the OH031 protein, which is closely related to Irnportin, exhibits a similar function. Thus the oho31 gene encodes the first example of a tumor suppressor involved in nuclear protein import.
Tumors Arise from Inactivation of the oho31 Gene
The most dramatic effect resulting from the inactivation of the oho31 gene in Drosophila is certainly the overgrowth of a series of imaginal organs. Our molecular analysis shows that both the strong hypomorphic mutation induced by the P element insertion in the promoter region of the oho31 gene and the two amorphic mutations caused by the imprecise excision of this P element give rise to lethal larvae displaying an identical phenotype. Based on this criterion, the oho31 gene can be classified as a true tumor suppressor gene.
Inactivation of the oho31 gene gives rise to a pleiotropic pattern of tissue overgrowth ranging from a moderate hyperplasia of the imaginal rings of the salivary glands, whose size increases but whose structure remains apparently normal, to malignant neoplasia of the hematopoietic organs and the genital disc. These two tissues expand massively and, after transplantation into adult hosts, can grow autonomously. However, the low rate of growth of the implants suggests that the malignant potential of the tumorous oho31 cells may revert during the growth of these cells. In particular, we found that the hemocytic tumors and the successfully growing implants derived from them consist of well-differentiated hemocytes. We can thus infer that the uncontrolled growth of the hemocytes in oho31-mutant animals is a temporary phenomenon occurring at an early stage of their differentiation. Successful transplantation may occur when the implant contains cells at a defined, presumably earlier, phase of their differentiation. Since we have transplanted cells from relatively large tumorous masses found in old surviving larvae, it is possible that the majority of the cells were already too advanced in their differentiation to form secondary tumors. Together, these data suggest that oho31 inactivation may extend the period of cell proliferation in a series of organs bydelaying the progression of normal cell differentiation.
Structural Similarities among OHO3 I-like Proteins
The OH031 protein displays strong structural similarity to a family of four proteins including the Importin protein of Xenopus, a cytosolic factor in nuclear import (GSrlich et al., 1994) , the yeast nucleopore complex-associated SRP1 protein (Yano et al., 1992) , as well as the mammalian hSRP1 (and mSRP1) (Cortes et al., 1994) and RCH-1 proteins (Cuomo et al., 1994) . The finding that the two mammalian proteins are as distantly related to each other as they are divergent from their yeast, insect, and amphibian homologues indicates that OH031 is a member of a larger family of proteins with related function. This also suggests that the yeast and vertebrate relative closest to OH031 may need yet to be identified. Moreover, on the basis of the divergence between the members of the family of OH031 proteins, it would not be surprising that further homologues may exist in the genome of Drosophila. The identification of such homologues and the study of their spatio-temporal expression and coordination may provide further clues on the function of OHO31-1ike proteins.
The most conserved region among the OHO31-1ike proteins is the central domain made of eight degenerate repeats displaying significant homologies with the arm motif (Riggleman et al., 1989) ascertained in a number of other proteins (Peifer et al., 1994) . In addition to the members of the OHO31-1ike proteins, arm motifs were found in armadillo's mammalian homologues, the adhesive junction proteins [3-catenin (McCrea et al., 1991) and plakoglobin (Franke et al., 1989) , p120, a protein-tyrosine kinase substrate present in cell--cell junctions (Reynolds et al., 1992) , and smsGDS, an exchange factor for Ras-related G proteins (Kikuchi et al., 1992) . Furthermore, the arm motif was also identified in the human tumor suppressor adenomatous polyposis coli (Kinzler et al., 1991; Groden et al., 1991) .
Recent findings indicate the arm domains may be the site of interaction with other proteins. Genetic evidence indicates that the arm repeats of the yeast SRP1 protein is the site of interaction with the zinc finger domain of the two subunits A190 and A135 of RNA polymerase I, since the SRP1 arm repeats contain the mutation suppressing the RNA polymerase I temperature-sensitive mutations (Yano et al., 1992) . Deletion mapping of hSRP1 and RAG-1 interacting domains using the yeast two-hybrid system showed that a region containing at least four arm repeats in hSRP1 is required for interaction with RAG-1 (Cortes et al., 1994) . Further genetic and immunological Wild-type embryos were double stained for DNA (A, C, E, G, I, and K) with propidium iodide and for OH031 proteins (B, D, F, H, J, and L) with anti-OH031 antibodies and FITC-conjugated secondary antibodies as described in Materials and Methods. Confocal images from embryos at interphase of nuclear cycle 10 (A and B), late interphase of nuclear cycle 11 (C and D), prophase of nuclear cycle 11 (E and/9, metaphase of nuclear cycle 12 (G and H), anaphase of nuclear cycle 10 (I and J), and telophase of nuclear cycle 10 (K and L) showing the transitory nuclear accumulation of OH031 during prophase. Control embryos stained only with the FITC-conjugated secondary antibodies showed no staining above background level Bar: 10 ~m. studies revealed that the binding of SRP1 to nucleopore complex proteins NUP1 and NUP2 is mediated through the central repetitive domain of these proteins (Belanger et al., 1994) . These results suggest that SRP1 and its mammalian homologues bind nuclear proteins (Yano et al., 1992; Cuomo et al., 1994; Belanger et al., 1994; Cortes et al., 1994) , in a similar way as the junctional proteins containing arm repeats may link cytoskeletal elements at intercellular junctions by mediating strong protein-protein interaction (for review see Kemler, 1993; Peifer et al., 1994) .
Although the NH2-and COOH-terminal domains of the OHO31-1ike proteins are less conserved, we noticed a segment of 24 amino acids RRRR(x)7RKxKK(x)sK1RR containing 11 basic residues, of which 10 (bold letters) are conserved. In 0 H 0 3 1 , the row of four arginines present in this motif is disrupted by the replacement of a methionine residue at amino acid position 25 (Ii24MRR-HEVTIELRKSKKEDQMFKRR47). The NH2-terminal moiety of this motif is reminiscent of the bipartite nuclear localizing sequence KR(x)10KKKK identified in nucleoplasmin (Dingwall et al., 1988 ) and other nuclear proteins, such as the glucocorticoid and estrogen receptors (Picard and Yamamoto, 1987; Picard et al., 1990; Robbins et al., 1991) . The presence of such a basic motif is intriguing because a recent model proposes that Importin and a rat protein homologous to hSRP1 may act as cytosolic receptors for nuclear localizing sequence--containing proteins (Powers and Forbes, 1994) . Thus, it would be interesting to determine whether the basic motif conserved in the NHz-terminal region of the OHO31-1ike proteins may play a direct role in their nuclear import.
Nuclear Import of 0H031
The OHO31-1ike proteins appear to fulfill analogous functions in nucleocytoplasmic exchanges of a variety of macromolecules such as proteins, RNPs, and so on. The recent description and cloning of the Importin protein of Xenopus shed new light on the role of these proteins as cytosolic factors involved in nuclear protein import. Purified Importin was shown to elicit binding of karyophylic proteins to the nuclear envelope of permeabilized cells and to mediate nuclear translocation of such proteins in conjunction with Ran/TC4 and an energy-regenerating system (G0rlich et al., 1994) .
The yeast srpl gene was originally identified as a suppressor of temperature-sensitive mutations of RNA polymerase I and characterized as an essential gene for cell viability (Yano et al., 1992) . Inactivation of the srpl gene in Saccharomyces cerevisiae results in arrest of transcription, breakup of the nucleolus, and defects in both nuclear division and segregation. Immunobiochemical analyses showed that the SRP1 protein can be physically and functionally associated with the nuclear pore complex (Yano et al., 1992 (Yano et al., , 1994 Belanger et al., 1994) . In particular, the SRP1 protein was found to colocalize with the nucleoporin Nupl in immunofluorescence microscopy (Yano et al., 1992) , to interact with NuP1 in a two-hybrid system, and to coimmunoprecipitate with nucleoporins Nupl or Nup2 (Belanger et al., 1994) . Moreover, the srpl gene was shown to interact genetically with the nupl (Belanger et al., 1994) and nup2 genes (Yano et al., 1994) . Furthermore, the SRP1 protein was also recovered in a soluble fraction, indicating that SRP1 is also dispersed in the cytoplasm (Yano et al., 1992; Belanger et al., 1994) . The presence of SRP1 in both the cytoplasm and nucleus and the pleiotropic phenotypes of mutations in srpl support the contention that SRP1 may play a role in nucleocytoplasmic transport similar to that of Irnportin. By analogy, the specific interaction of both hSRP1 and RCH-1 with RAG1 (Cuomo et al., 1994; Cortes et al., 1994 ), which appears to be localized at the nuclear periphery and contains a karyophilic sequence, suggests that the two mammalian homologues may also participate in nucleocytoplasmic transport. Although the exact function of the 0H031 protein remains to be elucidated, it is possible to infer from our results that 0H031 is also involved in nucleocytoplasmic transport. We can show that 0H031 accumulates in the nucleus during prophase when the nuclear membrane is apparently still intact. Since, in syncytial Drosophila embryos, the nuclear envelope is only partially ruptured at the poles at the beginning of metaphase (Stafstrom and Staehelin, 1984; Harel et al., 1989; Foe et al., 1993) , the nuclear accumulation of 0H031 during prophase may reflect an active transport process requiring intact nuclear pores. The rapid disappearance of 0H031 from the nucleus during metaphase either reflects a passive dispersion of this protein in the cytoplasm resulting from the rupture of the nuclear envelope or is indicative of a rapid degradation taking place in the nucleus. For two reasons, we favor the latter hypothesis. First, we noted that the rate of OH031 decay follows the cumulative number of mitoses occurring during the first 13 nuclear divisions, and second, we consistently detected a higher concentration of 0H031
in the cytoplasm than in the nucleus of embryonic cells after cell cycle 14 and larval cells expressing 0H031 at all stages of their cell cycle (data not shown).
The nuclear accumulation of 0H031 that we observe at prophase in syncytial embryos may reflect the rapid import of proteins required for driving the mitoses, which occur at relatively short intervals in the syncytial blastoderm. This accumulation is consistent with the availability of large maternal stockpiles of both 0H031 proteins and karyophylic proteins present in the egg, which can be readily recruited into the nucleus at the onset of mitosis. By contrast, no striking nuclear accumulation of 0H031
could be noticed at prophase of mitoses occurring during larval development (data not shown). The apparent low nuclear level of 0H031 during later development may reflect the balance between the availability of 0H031 and/ or its rate of decay. A comparatively long prophase in imaginal tissues relative to the syncytial blastoderm may prevent any detectable nuclear accumulation of 0H031. Although inactivation of the oho31 gene causes growth inhibition in the ovaries and the developing wing imaginal discs, as revealed by mitotic recombination experiments (data not shown; Garcia-Bellido, A., and F. Cifuentes, personal communication), the absence of the same gene product in the hematopoietic organs and in the genital disc causes extensive cell proliferation and tumor formation. Thus, the absence of 0H031 protein exerts opposite effects at the cellular level, causing either cell proliferation or arrest of cell growth. This difference may depend on the pattern of tissue differentiation. If the primary role of 0H031 is to act as a cytosolic factor in nuclear transport, then we would predict that the absence of this protein would alter the cell cycle, but not necessarily prevent its completion, since alternative pathways may be used for nuclear protein import. Consequently, the duration of the cell cycle would be prolonged, and its extension may either delay or block terminal differentiation. For numerous cell types, a delay in the progression of differentiation would lead to growth arrest or be lethal, whereas for some other tissues, such as the hematopoietic organs, alteration in the progression of the cell cycle would cause continuous proliferation. Interestingly, we observe that, in aged tumors, the hemocytes become morphologically differentiated and have therefore lost their malignancy.
